The article discusses motion of a healthy knee joint in the sagittal plane and motion of an injured knee joint supported by an active orthosis. A kinematic scheme of a mechanism for the simulation of a knee joint motion is developed and motion of healthy and injured knee joints are modelled in Matlab. Angles between links, which simulate the femur and tibia are controlled by Simulink block of Model predictive control (MPC). The results of simulation have been compared with several samples of real motion of the human knee joint obtained from motion capture systems. On the basis of these analyses and also of the analysis of the forces in human lower limbs created at motion, an active smart orthosis is developed. The orthosis design was optimized to achieve an energy saving system with sufficient anatomy, necessary reliability, easy exploitation and low cost. With the orthosis it is possible to unload the knee joint, and also partially or fully compensate muscle forces required for the bending of the lower limb.
Introduction
Rehabilitation process after an injury of a lower-limb is very important for every patient. A lot of researchers have tried to model and optimize the rehabilitation equipment. The one group of biomechanic lower-limb and pelvic constructions consists of models based on inverted pendulum models [1] - [4] . The next group of mathematical models consists of multilink constructions simulating human lower-limb motion [5] - [7] . The third group of lower-limb mathematical models is composed of models created on the basis of captured data from sensors during real experiments of human walking [8] - [18] .
Knee joint is one of the most complex and vulnerable joints in the human musculoskeletal system and one of the most difficult joints from the point of biomechanics [19] due to articulating the longest levers of the lower limb: the femur and tibia [20] . The knee joint is a movable connection of the femur, tibia, fibula and patella. Meniscus, capsular-ligamentous apparatus and muscle-tendinous complexes are also included in the knee joint. Figure 1 shows an ordinary knee joint where 1 and 7 are collateral ligaments, 5 and 6 are circular ligaments, 2 is the tibia, 3 is the fibula, 4 is the femur, and 8 is the patella [21] .
Almost every person in an explicit or implicit form faces injuries of the knee joint. For rehabilitation after a knee joint injury different kinds of orthosis are usually used but choosing an optimal orthosis is a long and laborious process. The model, proposed in this research, makes it possible to simplify the choice of orthosis and to avoid possible complications.
* To whom correspondence should be addressed There are a lot of models for the simulation of the knee joint on various levels, depending on research. It can be [22] - [26] :
-a two-dimensional planar mechanism with four or six links, -a model, where three successive rotations of the knee joint are considered, -a model with six degrees of freedom, where bone's surfaces were obtained by direct measurement, -a model of the knee joint, supported by a passive orthosis. Despite the variety of the models, a study on knee joints supported by an active orthosis can be found very seldom. Fig.1 . Right knee joint [22] .
A lot of studies consider development of exoskeletons, components, and housings [27] - [31] . One of the applications of these systems is to assist people with disabilities, but the disadvantages include a long period of training, low autonomy and high cost of the orthoses. Active orthoses are being developed at many universities [32] , [33] and some of the devices have already been patented [34] . However, unfortunately such devices are still not available on the consumer market.
The purpose of this research is to develop a model of an active orthosis, to analyze motion of the knee joint and to design a smart orthosis. The main objective of the device is to unload the injured knee joint, partially or fully compensate muscular effort required to bend the lower extremities, and also to restore the moving functions during the rehabilitation period. The resulting device will compensate the load applied by the human body on the knee joint during the movement. The linear actuator will restore the flexion of the knee joint. The autonomy of the device ensures its simple usage and maintenance, and due to the flexibility of settings, it would be easily adjustable to each individual patient.
Motion capture for getting and analyzing of experimental data
Kinematic and dynamic parameters describing human motion were obtained by an optical system consisting of ten Bonita cameras. The experiments were carried out at the St. Petersburg Institute of Cinema and Television. Each person from the experimental group performed several tasks, such as walking in a circle and in a straight line. Locations of the markers for the optical system are shown in Fig.2a , (point 4 is on the back of the leg). The inertial system consists of three accelerometers gy-61 and the board Arduino Mega. The location of the sensors on the leg is shown in Fig.2b .
Data obtained by the inertial system for point 7 ( Fig.2) are shown in Fig.3 . The yellow line shows the acceleration measured by accelerometers, the red and blue lines represent velocity and displacement obtained by integration of acceleration and velocity accordingly. Since the data obtained by the capture system are very close to the integrated data, the tests were performed on the basis of the capture system because in this case no integration errors arise. Fig.2 . Location of the markers and accelerometers. Fig.3 . Acceleration, velocity and displacement of the a -location of the optical system's markers, point 7 ( Fig.2) . b -location of the accelerometers.
yellow line -acceleration, red line -velocity, blue line -displacement.
Kinematics of a knee joint model
On the basis of the results, a model of the knee joint will be created but before it is necessary to chart a mechanism allowing motion in the sagittal plane. The model should be applied to test various designs of the active orthosis of the knee joint. Structurally, the model is based on the average data of the bones dimensions and a simplified representation of the mating surfaces of the bones.
A kinematic scheme of a mechanism simulating a knee joint is shown in Fig.4 . It is a planar mechanism with one degree of freedom. The length of the links simulating bones and other parameters of the mechanism corresponds to the parameters of an average person (height -175 cm, mass -70 kg), but all these parameters can be changed in accordance with the parameters of an individual patient [35] , [36] .
In this scheme (Fig.4) , link 8 represents the tibia, link 5 represents the femur, these two links simplistically imitate connected surfaces which form the knee joint. Movement of the link which imitates the tibia around the link, which means the femur, is simulated by links that imitate the cruciate ligament. Link 6 imitates the anterior cruciate ligament and link 7 imitates the posterior cruciate ligament. Point L of this mechanism is the instantaneous center of velocity. Link 4 imitates the patella and patella's ligament, its corrected motion is provided by link 3. Links 1 and 2 imitate quadriceps and tendon of quadriceps.
Let us assume that surfaces of the femur are two rigidly interconnected spheres (link 5), and the tibia surface is a plane (link 8). Surfaces of the femur will slide over the tibia surface. The static Cartesian coordinate system is associated with the femur. The origin of the coordinate system (point O) is located equidistant between two centers of spheres. The OX axis is perpendicular to the sagittal plane, the OZ axis is directed left, and the OY axis is directed so that the OXYZ coordinate system is right-handed. The equation of the surfaces of two rigidly interconnected spheres at the OXYZ coordinate system can be written as: Let us consider links simulating circular ligaments: link 6 -the anterior cruciate ligament, and link 7 -the posterior cruciate ligament. These links impose limitations to links 5 and 8. It can be written as
The patella (link 4) is considered as a disk with radius R 1 and thickness H (H = 0.75*R 1 ). The disk is rigidly connected to the rod, simulating the lower part of the patella ligament. The rod is connected to link 2 by a flat joint. Link 4 is movably connected to link 3 and link 3 is connected to link 5. The limitations imposed by these links can be written as
Besides of bones and ligaments, the quadriceps (links 1 and 2) was also modeled. The quadriceps is considered as an extensible link. It also imposes some limitations on the mechanism that can be presented as
4. Matlab models of the knee joint
Model of the healthy joint
Before modeling the motion of the knee joint supported by orthoses, it is necessary to create a model simulating the motion of a healthy knee joint [37] . This model is represented in Fig.5 . Angles between the tibia and the femur should correspond to the real angles, therefore it is necessary to simulate forces in the quadriceps correctly. Mathematical calculations of dynamics are automated and performed using the MPC block (Matlab/Simulink). This block controls links simulating the quadriceps (links 1 and 2) and angles between the tibia and the femur.
For modeling, it is necessary to know the model parameters: body weight, length of links, inertia moments, and the mutual arrangement of links. All these parameters are given in model subsystems; each subsystem simulates a certain part of the knee joint.
The femur subsystem (Fig.7) simulates a femur 0.46 m long and with the radius equal to 0.03 m. In the model being discussed, the femur subsystem will be considered as the base of the mechanism. The quadriceps subsystem (Fig.8) consists of a link imitating the quadriceps, a link simulating a tendon of the quadriceps and a link specifying the distance between the quadriceps and the femur. This subsystem can control the motion of the knee joint model. The patella subsystem (Fig.9) includes a link simulating the patella, patellar ligament, and a link that provides the correct movement of the patella. The weight of ligaments and tendons is small in comparison to other structures of the knee joint. Despite this, the total weight of the patella and its ligament is 0.31 kg. The radius of the patella will be assumed as equal to 0.023 m. The tibia subsystem (Fig.10) simulates the tibia whose length is 0.4 m and weight equal to 3.75 kg. The ligaments subsystem (Fig.11) imitates the anterior and posterior cruciate ligament. The movement along the plane of the tibia is possible due to the movement of links simulating the anterior cruciate ligament. In addition, the movement of these two links defines the principle of the system motion. 
Model of the joint, supported by orthosis
Assuming that the knee joint was damaged, the "circular ligament" links (links 6 and 7) were excluded. The modeled active orthosis provides only one degree-of-freedom. Fig.12 . Model of the knee joint supported by orthoses. Fig.13 . Subsystem orthosis model.
The model of the knee joint supported by the orthosis is illustrated in Fig.12 . This model simulates motion of the knee joint during the gait where the MPC block controls the motion of the orthosis. The subsystem orthosis model (Fig.13) , includes all the key aspects of the orthosis structure, such as fixing belts, ball screw pair, etc.
Knee-joint smart orthosis

Work principle
The flexion of the lower part of the orthosis takes place due to the linear movement of the stock (4) that is connected to the motor-reducer by a ball-screw (BS) and a cylindrical gear. The prototype design is shown in Fig.14 [38] .
The ball-screw allows converting a relatively small torque produced by the engine in a significant linear force, necessary to lift the person weight. Moreover, when using the ball-screw, its high precision, resistance to large axial loads, and self-locking ability are useful. In this kind of devices it is recommended to use ball-screws with four contact-points [39] .
The stock (4) fixed to the BS nut moves in sliding pairs along the guide rails and is connected by a flat joint with the element, tentatively called "patella" (6) , which allows a change of the force arm and a significant reduction of the pulling force acting on the ball-screw. The "patella" is connected to the lower half of the orthosis by a flat joint (7) and, rotating around its axis, produces flexion/extension of the limb. Belts (8) can be displaced along the shank for the optimal fitting of the orthosis. Using a telescopic element located between the "knee" and the "ankle" joints, it is possible to change the length of the orthosis in a range of 70 mm. A rigid support between the "ankle" and the "heel support" renders it possible to minimize vertical load on the injured joint and can be removed in case of uselessness. Fig.14 . Design of the orthosis prototype. a) with protective casing, b) without protective casing. 1 -servomotor 2 -gears, 3 -ball-screw, 4 -stock, 5 -joint, 6 -"patella", 7 -flat "knee" joint, 8 -fixing belts with electrodes, 9 -flat "ankle" joint, 10 -"heel-support", 11 -controlling module, 12 -protective casing.
Loads and orthosis components
To explore the walking process, a series of experiments was made using the Vicon system. The results showed that the walking process can be divided into a support phase and transfer phase. During the support phase, the full weight of the human body is applied only on one leg, but the leg is straight with no bending moments. During the transfer phase, the knee flexion angle does not exceed 30° and the orthosis transfers only the weight of the shin. The maximum load will be applied on the orthosis at sit-to-stand motion. It is known that during standing up the quadriceps of each leg makes an effort to lift only half of the body weight excluding the mass of legs and feet. In the sitting position (Fig.15a) , the center of gravity is located at a distance of about 200 mm from the axis of the knee joint. The scheme of load distribution in the orthosis is shown in Fig.16 . On the basis of this, it is possible to calculate the necessary torque, taking into account the mass of an average person. The results of the simulation of a healthy knee joint were compared to data of real human gait [40] obtained by the motion capture system (Vicon). The working model simulating the motion of the healthy knee joint is shown in Fig.17 . The comparison of the simulation results and the results obtained by the capture system is presented in Fig.18 . The working model simulating motion of the injured knee joint supported by the orthosis is shown in Fig.19 . The comparison of simulating results and the results obtained by the capture system is presented in Fig.20 .
Results of simulations
In both cases the angle between the tibia and the femur during human gait was analyzed. The blue lines show the angle change obtained with the use of the motion capture system Vicon and the red lines show the simulation results. The correlation between experimental and simulation results is good enough. The obtained results are close enough in both cases. The correlation results of the analysis of the healthy knee joint (Fig.18 ) are better because, in this case, during tests and simulations, the same healthy joint was considered. In case of an injured knee joint (Fig.20) , a joint supported by the orthosis was simulated and the obtained results were compared to the movement of a healthy knee joint. Because of this, the correlation of these results is worse but the maximum deviation is not more than 15%.
Model for controlling of the knee joint orthosis
One of the most advantageous solutions for controlling different types of assistive prostheses is EMG technology.
Surface electrodes attached to the human skin can register and evaluate the electrical potentials produced by skeletal muscle cells when these cells are electrically or neurologically activated. The received EMG signals which are produced by skeletal muscles can be processed depending on their potential. Since the received impulses have different amplitudes, it is possible to register detailed necessary impulses and to evaluate them with a controller, which controls the servomotors in the exoprosthetics system.
The controlling assembly that is attached to the knee joint orthosis (Fig.14) consists of a high input impedance amplifier, which is connected to electrodes (8) attached to the human skin, an anti-aliasing filter, a microcontroller which digitizes and processes the EMG signals, a communication module sending the processing results to the processing unit which controls the servomotor (1).
This device is attached to the knee joint orthosis and to the human leg by adjustable belts that can be adjusted to all users. The surface electrodes are attached onto the skin surface to get the electrical potential generated by muscle cells when these cells are neurologically activated. The recorded EMG signals from the muscles of the limb were used for extracting kinematic variables (i.e., joint angles) in order to control the knee joint orthosis in real time. When the device detects electrical potentials produced by skeletal muscle cells, the controller sends the processing results to the processing unit, which controls the servomotor of artificial limbs. A standard machine learning method (namely, a Support Vector Machine) is used to build a point-to-point map between muscle activity and leg position/orientation/grasping force. The map relies on gravity compensation and rather slow movement speed, which enforces a many-to-one relationship between the EMG signals and the position [41] - [44] .
Conclusions
1. The simulation results obtained by the model have a good enough correlation with the results obtained by measuring the real motion. Some errors can be caused by differences in masses and lengths of the analyzed links. 2. Despite these mistakes, it is possible to state that the designed orthosis can simulate the motion of the healthy knee joint on the sagittal plane. It means that the orthosis can be used and is advisable in the post traumatic period. 
